Spermatogenesis originates from a small population of spermatogonial stem cells; this population can maintain continuous sperm production throughout the life of fish via selfrenewal and differentiation. Despite their biological importance, spermatogonial stem cells are not thoroughly characterized because they are difficult to distinguish from their progeny cells that become committed to differentiation. We previously established a novel technique for germ cell transplantation to identify spermatogonial stem cells based on their colonizing activity and their ability to initiate donor-derived gametogenesis in the rainbow trout (Oncorhynchus mykiss). Although spermatogonial stem cells can be retrospectively identified after transplantation, there is currently no technique to prospectively enrich for or purify spermatogonial stem cells. Here, we describe a method for spermatogonial stem cell enrichment using a side population. With optimized Hoechst 33342 staining conditions, we successfully identified side-population cells among type A spermatogonia. Side-population cells were transcriptomically and morphologically distinct from non-sidepopulation cells. To functionally determine whether the transplantable spermatogonial stem cells were enriched in the sidepopulation fraction, we compared the colonization activity of side-population cells with that of non-side-population cells. Colonization efficiency was significantly higher with sidepopulation cells than with non-side-population cells or with total type A spermatogonia. In addition, side-population cells could produce billions of sperm in recipients. These results indicated that transplantable spermatogonial stem cells were enriched in the side-population fraction. This method will provide biological information that may advance our understanding of spermatogonial stem cells in teleosts. Additionally, this technique will increase the efficiency of germ cell transplantation used in surrogate broodstock technology.
INTRODUCTION
Spermatogonial stem cells (SSCs) are responsible for maintaining spermatogenesis [1, 2] . SSCs can undergo selfrenewal and produce differentiated germ cells that are committed to becoming mature spermatozoa. However, despite their biological importance, SSCs are difficult to study because distinguishing them from cells committed to differentiation is technically challenging. Currently, only a few SSC markers are available in a limited number of animal species. In mice, germ cell transplantation can be used to retrospectively identify SSCs based on their biological function [3, 4] . Testicular germ cells transplanted into the seminiferous tubules of infertile recipient mice can reinitiate spermatogenesis and produce large numbers of functional sperm over a prolonged period, indicating that the transplanted cells include a population of cells that behave as SSCs. This technique has allowed important breakthroughs to be made in mammalian SSC research [5] .
Reproductive strategies differ greatly among fish taxa. Some species have a defined breeding season, and others are highly reproductively active throughout the year [6] . Most salmonid species produce gametes only once during their life cycle (semelparity) [7] [8] [9] ; however, some salmonids, including trout and char, undergo repeated spawning (iteroparity) [10] [11] [12] . Moreover, some fish species can perform sex reversal during their life cycle (hermaphroditic) [13] . Although SSCs might play pivotal roles in the previously mentioned reproductive strategies, they have not yet been well studied in fish. Improving our knowledge of fish SSCs could help to reveal the mechanisms underlying fish reproductive diversity.
To identify SSCs in fish, we previously established a novel method of transplanting germ cells based on their biological function in the rainbow trout (Oncorhynchus mykiss) [14] . Only a portion of the testicular germ cells transplanted into the peritoneal cavity of recipient embryos migrated toward and then colonized the embryonic gonad; subsequently, these colonizing cells produced large numbers of functional sperm for several years. These results have provided functional evidence that the transplanted testicular germ cells included SSCs. Furthermore, no significant difference was observed between the percentage of recipient embryos with colonizing donor germ cells and the percentage of mature recipient fish that produced donor-derived sperm [14] , demonstrating that the colonizing germ cells behaved as SSCs in the recipient gonads.
In addition, a previous study revealed that among testicular germ cells, type A spermatogonia (A-SG) have colonizing activity but that type B spermatogonia, spermatocytes, and spermatids do not [15] . More important, only 0.046% of transplanted A-SG colonized the recipient gonad [14] ; in contrast, about 10% of transplanted primordial germ cells, all of which are likely to have the colonization activity, colonized the recipient gonad [16] . Therefore, A-SG constitute a heterogeneous population that includes cells with colonizing activity and those without. In other words, it appears that only some A-SG possess stem cell activity. Although colonizing SSCs can be retrospectively identified after transplantation and subsequent analyses, a technique to prospectively enrich for or purify teleost SSCs has not been developed.
Stem cells in many self-renewing tissues, including mouse bone marrow, can be found among side-population (SP) cells that are characterized by the ability to exclude Hoechst 33342 dye (H33342) [17] . Members of the ATP-binding cassette (ABC) transporter family are responsible for this exclusion activity. However, the utility of this method to enrich for rodent SSCs remains controversial [18] [19] [20] [21] [22] . Here, in order to prospectively enrich for teleost SSCs that can be used for transplantation, we analyzed whether SSCs were enriched among SP cells.
MATERIALS AND METHODS

Ethics
All experiments described herein were carried out in accordance with the Guide for the Care and Use of Laboratory Animals from Tokyo University of Marine Science and Technology.
Preparation of Suspensions of Testicular Cells
Testes were collected from 10-to 15-mo-old pvasa-GFP transgenic rainbow trout; at this stage, germ cells are A-SG with strong GFP intensity [15, 23] . Only a portion of the A-SG isolated at this stage can colonize and undergo self-renewal in recipient gonads following transplantation [14] . Approximately 4 million testicular cells could be obtained from a single fish. Testes from 15-30 fish were pooled and dissociated as described in Okutsu et al. [14] . Dissociated testicular cells were washed three times with L-15 medium (pH 7.8; Life Technologies, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS; Life Technologies), 25 mM HEPES (Sigma, St. Louis, MO), and antibiotics (50 lg/ml of ampicillin, 50 U/ml of penicillin, and 50 lg/ml of streptomycin; all antibiotics were from Wako, Osaka, Japan) to eliminate enzyme activity; cells were collected after each wash via centrifugation.
Flow-Cytometric Analysis and Cell Sorting
Dissociated testicular cells were diluted to 1 3 10 6 cells/ml in L-15 medium (pH 7.8; Life Technologies) supplemented with 10% FBS (Life Technologies), 25 mM HEPES (Sigma), and antibiotics; 1-ml samples were then dispensed into 2-ml plastic tubes and stained with H33342 (Dojindo, Kumamoto, Japan). We initially tested combinations of the following conditions: H33342 at concentrations of 5, 10, 15, 20, 25, 50, or 100 lg/ml; staining times of 1.5, 2, 3, 4, 6, 8, 10, 12, or 15 h; and temperatures of 108C, 148C, 168C, or 188C. For subsequent experiments, we used an optimized staining condition, which was 5 lg/ml H33342 for 10 h at 168C. To inhibit the ABC transporters, verapamil (Sigma) was added to the H33342 staining solution at a final concentration of 30 lg/ml. Before each analysis, propidium iodide (PI; Dojindo) was added to each sample at a final concentration of 1 lg/ml to eliminate dead cells from the sorting gates.
A MoFlo XDP (Beckman Coulter, Miami, FL) equipped with a 355-nm Xcyte laser and a 488-nm sapphire laser was used for flow cytometry and cell sorting. A 529-nm band-pass filter was used to detect GFP. Hoechst blue and Hoechst red were detected using 457-and 670-nm band-pass filters, respectively. Green fluorescence was measured using a logarithmic amplifier; Hoechst blue and red were measured using linear amplifiers. Cells were sorted through a 100-lm flow cell under 30-psi sheath-fluid pressure. Cell sorting was carried out at a rate of 2000-5000 counts/s using the purify mode.
Short-Term Culture of A-SG
SP cells and non-SP cells were cultured essentially as described in Shikina et al. [24] but with several modifications. Cells were seeded at a concentration of 1.3 3 10 4 cells/well in a 96-well plate and cultured at 108C in L-15 medium (pH 7.8; Life Technologies) supplemented with 10% FBS (Life Technologies), 25 mM HEPES (Sigma), and antibiotics. After 3 days of culture, the number of viable A-SG that expressed GFP was determined using the Guava PCA-96 flow cytometry system (Millipore, Billerica, MA).
Microarray Experimental Design
Microarray analysis was performed using a custom-made 60-mer oligomicroarray [25] (GPL17533; Agilent Technologies, Santa Clara, CA). Gene expression analysis is greatly affected by genetic heterogeneity among samples. However, no inbred strains of rainbow trout have been established, and intrinsic genetic heterogeneity of the fish used in independent experiments was unavoidable. Therefore, to estimate and remove biases of parental fish groups from expression values (see Processing and Statistical Analysis of Microarray Data and Statistical Analysis), SP, and non-SP cells were collected from three independent cell-sorting events that each involved three different groups of parental fish. Preparation of labeled cRNA and hybridization were performed as described in Hayashi et al. [25] . A GenePix 4000B scanner (Molecular Devices, Sunnyvale, CA) was used to scan each array. Each array was scanned twice at different sensitivity levels to improve the accuracy of signal measurements. Feature Extraction 9.5 (Agilent Technologies) was used to extract signal data, and the data were deposited in the Gene Expression Omnibus (GEO) under accession no. GSE49565.
Processing and Statistical Analysis of Microarray Data
The gProcessedSignal values calculated from scanned images at different sensitivities were combined to obtain the raw expression value for each spot [26] . The raw values were then normalized across samples using quantile normalization. For each probe, the following linear model was fitted to the normalized expression value:
where S is the log 2 signal intensity of the normalized expression value; C, G, and N are the cell type, group, and scan effects, respectively; e is the residual; and C:G is an interaction term. The estimated values for cell types were used for further statistical analyses. An empirical Bayes method (the limma package in Bioconductor, http://www.bopconductor.org) was used for variance shrinkage. The P-values were corrected for multiple tests using the Storey false discovery rate to obtain q-values [27] . The previously mentioned procedures were performed using R, the limma package in Bioconductor (http://www.bopconductor.org), and custom R scripts.
Morphological Analysis of Sorted Cells
Hematoxylin-eosin (HE) staining was performed with smeared samples of sorted cells to analyze the morphology of SP and non-SP cells. Approximately 1 3 10 5 sorted cells were fixed in Bouin solution, and smears were prepared on glass slides coated with Matsunami adhesive silane (Matsunami Glass Co. Ltd, Osaka, Japan). Samples were dried overnight at room temperature; slides were then rinsed with PBS before HE staining. Stained samples were analyzed as described by Loir [28] to determine cell size and the number of dense bodies (nucleoli and heterochromatin masses) per cell. Cell size was measured using ImageJ software (National Institutes of Health, Bethesda, MD).
Germ Cell Transplantation Assay
Cells isolated from vasa-GFP-positive A-SG based on H33342 fluorescence were transplanted into the peritoneal cavity of nontransgenic rainbow trout hatchlings as described by Okutsu et al. [14] . Isolated cells were suspended in Eagle MEM (Nissui, Tokyo, Japan) supplemented with 20 mM HEPES (Sigma) and 5% FBS (Life Technologies). For each injection, approximately 150 cells were injected into the peritoneal cavity of one recipient nontransgenic hatchling in the present study. At 20 or 100 days posttransplantation (dpt), recipient embryos were dissected, and the percentage of recipient fish that had transplanted A-SG colonizing their genital ridge among all injected recipient was determined by observing the recipient gonads under a fluorescence microscope (model BX-51-34FL; Olympus, Tokyo, Japan).
Progeny Tests
We used triploid, sexually undifferentiated recipients to determine whether transplanted, donor SP cells could give rise to functional sperm. Triploid recipients were produced as described in Okutsu et al. [29] . To determine the sex of recipients that had matured to the hatchling stage, total genomic DNA was extracted from the fin of recipients and subjected to PCR analyses with sdY-specific primers, 5 0 -ATGGCTGACAGAGAGGCCAGAATCC-3 0 and 5 0 -CTTAAAACCACTCCACCCTCCAT-3 0 ; sdY is a male-specific genomic sequence on the Y chromosome [30] . After recipients had matured at 2 years old, milt produced by each male recipient was obtained by applying abdominal HAYASHI ET AL.
pressure. To determine the production of spermatozoa derived from donor SP cells, total genomic DNA was extracted from the milt of recipients and subjected to PCR analyses with Gfp-specific primers, 5 0 -GACGTAAACGGC CACAAGT-3 0 and 5 0 -TCCAGCAGGACCATGTGAT-3 0 ; b-actin was used as an internal control for PCR, and the b-actin primers were 5 0 -AGCCCAAACC CAGCTTCTCA-3 0 and 5 0 -AGAGGTCACACTCGGGTTCATT-3 0 . The number of donor-derived spermatozoa was calculated as described in Okutsu et al. [14] . To obtain offspring originating from sperm derived from donor SP cells, sperm obtained from triploid recipients were used for in vitro fertilization of eggs obtained from nontransgenic wild-type (WT) rainbow trout. As donor SP cells had been obtained from donor fish that were hemizygous for pvasa-GFP (Gfp/À) and heterozygous for a mutation that causes a dominant orange color [31] (OR/WT), F1 larvae would be expected to exhibit a 50% ratio of the dominant donor phenotypes (OR/WT; Gfp/À) following Mendelian inheritance.
Statistical Analysis
In this study, multiple statistical methods were used. The statistical methods used for analysis of microarray data are described in Processing and Statistical Analysis of Microarray Data. The Dunnett test was used for multiple comparison of the average percentage of PI-positive cells by comparisons with control in the experiment used to optimize Hoechst staining. The Student t-test was used for comparisons between verapamil-treated and -untreated A-SG populations with regard to the percentage of SP cells. The Student t-test was also used for comparisons between SP and non-SP cells with regard to cell survival rates. The Wilcoxon rank sum test, which is a nonparametric test for comparing two samples, was used for comparison between SP and non-SP cells with regard to cell size. The chi-square test was used for comparison between SP and non-SP cells with regard to the percentage of cells with only a single dense body and for comparing the rate of recipient fish with transplanted cells. The Fisher exact test was used for comparing the distribution of the number of recipients with each number of incorporated donor cells. Statistical significance levels were set to a P-value , 0.05 and a q-value , 0.05.
RESULTS
Identification of SP Cells in A-SG
In this study, to enrich for SSCs in rainbow trout, we focused on SP. To investigate whether a portion of A-SG in rainbow trout exhibits an SP phenotype, we optimized H33342 concentration and staining temperature and time to achieve maximum differential staining between SP and non-SP cells. Cells derived from mouse bone marrow usually take up stain when exposed to 5 lg/ml H33342 for 1.5 h at 378C [17] . However, rainbow trout are reared in cold freshwater (108C), and rainbow trout germ cells are damaged at temperatures over 208C [32] . In order to avoid damaging the rainbow trout germ cells, we modified the mouse protocol by changing only staining temperature and used 5 lg/ml H33342 for 1.5 h at 188C. However, this condition was not enough to saturate H33342 staining of A-SG nuclei. The coefficient of variation (CV) value of G0/G1 cells was more than 20, and this staining condition did not split A-SG into SP cells and non-SP cells (Fig. 1, A-C) . To determine the appropriate staining conditions that would saturate H33342 staining and minimize negative effects on cell viability, we tested combinations of the following conditions: H33342 concentrations of 5, 10, 15, 20, 25, 50, or 100 lg/ml; staining times of 1.5, 2, 3, 4, 6, 8, 10, 12, or 15 h; and temperatures of 108C, 148C, 168C, or 188C. Initially, we assessed the effect of H33342 concentration on testicular cell viability. For 1.5 h (the shortest staining time) at 108C (the lowest temperature), forward scatter (FS) and side light scatter (SS), which are indicators of the condition of the cell membrane, were analyzed. At H33342 concentrations of 50 or 100 lg/ml, FS was reduced and SS was increased (Supplemental Fig. S1 , A-H; Supplemental Data are available online at www.biolreprod.org). These results indicated that testicular cells were damaged with these H33342 concentrations. In addition, with a H33342 concentration of 20 or 25 lg/ ml, the rate of PI-positive cells was significantly increased (Supplemental Fig. S1I ). Therefore, we used only H33342 concentrations of 5, 10, or 15 lg/ml to optimize staining time and temperature. We found that the following eight sets of staining conditions each resulted in saturated H33342 staining of A-SG nuclei and very minimal negative effects on testicular cell viability: 5 lg/ml H33342 for 10 h at 168C, 5 lg/ml H33342 for 10 h at 188C, 10 lg/ml H33342 for 8 h at 148C, 10 lg/ml H33342 for 3 h at 168C, 10 lg/ml H33342 for 3 h at 188C, 15 lg/ml H33342 for 6 h at 148C, 15 lg/ml H33342 for 3 h at 168C, or 15 lg/ml H33342 for 2 h at 188C (Supplemental Table S1 ). For each set of conditions, the CV value of G0/G1 ENRICHMENT OF FISH SPERMATOGONIAL STEM CELLS was less than 7 (Supplemental Table S1 ). When selecting the optimal set of staining conditions for subsequent experiments, we recognized that higher H33342 concentrations had negative effects on cell viability; therefore, we chose from among the two sets of conditions with the lowest H33342 concentration, 5 lg/ml H33342 for 10 h at 168C and 5 lg/ml H33342 for 10 h at 188C, and selected the set with the lowest temperature. When A-SG were stained with 5 lg/ml H33342 for 10 h at 168C, the SP cells in A-SG could be identified by their low fluorescence (Fig. 1, D and E) . The percentage of SP cells was 5.65 6 0.61% of all A-SG. To investigate whether ABC transporters caused the low fluorescence of SP cells, A-SG were stained with H33342 in the presence of verapamil, which is an inhibitor of ABC transporters. The verapamil treatment resulted in a significant decrease in the percentage of SP cells (1.23 6 0.18%; P-value , 0.05; Student t-test; Fig. 1F ), indicating that the low H33342 fluorescence of SP cells resulted from ABC transporter activity.
To prepare suspensions of testicular cells, testes were dissociated with trypsin for 2 h. Before H33342 staining, this treatment may have affected cell viability, and only healthy cells may have exhibited an SP phenotype. In other words, A-SG might be subdivided into healthy and unhealthy cells that correspond to SP cells and non-SP cells, respectively. To compare the health of SP cells with that of non-SP cells, we analyzed the survival rate after culturing each cell population in vitro for 3 days. After 3 days of culture, the cell size and GFP intensity were similar to those of the cells just after collection (data not shown). No significant difference was observed between the survival rate of SP cells and that of non-SP cells ( Fig. 2A) , suggesting that the difference between SP cells and non-SP cells was not caused by differences in cell viability.
To investigate whether SP cells were transcriptomically distinct from non-SP cells, microarray analysis was used to compare genome-wide gene expression in SP cells with that in non-SP cells. The statistical analysis indicated that for 16 148 probes (28.9% of the all the printed probes), the level of expression differed significantly between the two cell types (qvalue , 0.05; see Materials and Methods; Fig. 2B ; Supplemental Table S2 ). Among these 16 148 probes, 8350 probes showed higher expression in SP cells than in non-SP cells (maximum value of log2 [SP/non-SP] was 3.76, minimum value was 0.23); additionally, 7798 probes showed lower expression (minimum value of log2 [SP/non-SP] was À5.66, maximum value was À0.22) in SP cells than in non-SP cells (Fig. 2B ). This result indicated that the mRNA expression profile of SP cells differed significantly from that of non-SP cells.
Morphological Characterization of SP Cells
To investigate whether SP cells constituted an SSC-enriched fraction, we characterized and compared the morphology of SP and non-SP cells. Cell morphology was assessed, as described by Loir [28] , with regard to cell size and the number of dense bodies per nuclei. The percentage of cells containing only a single dense body among all cells in a population was higher for the SP population (31.4%; N ¼ 102) than for the non-SP population (15.4%; N ¼ 104; P-value , 0.05; chi-square test; Fig. 3, A-C) . In addition, SP cells were significantly larger than non-SP cells (Fig. 3, A, B, and D) .
Transplantation Assay of SP Cells in A-SG
To investigate whether SP cells had higher colonizing activity in recipient gonads, approximately 150 SP cells or non-SP cells isolated from pvasa-GFP-positive A-SG were transplanted into the peritoneal cavity of each recipient embryo. This number of transplanted cells was fewer than that in our previous study [14] to avoid saturating the colonization rate. At 20 dpt, GFP-labeled SP cells colonized the recipient gonads (Fig. 4, A and D) . Notably, the colonization efficiency of SP cells was significantly higher than that of non-SP cells or of unsorted A-SG (Table 1) . Additionally, the number of cells that incorporated into the gonads of each recipient embryo was significantly greater for SP cells than for non-SP cells (Fig.  4G) . For non-SP cells, the maximum number of incorporated cells per gonads of each recipient embryo was two; in contrast, To further investigate whether colonizing SP cells were able to proliferate and to form colonies of descendants, we examined recipient gonads at 100 dpt. A colony of transgenic cells formed from descendants of transplanted SP cells (Fig. 4 , B and E). Importantly, transplanted SP cells from A-SG were also able to colonize the ovaries of female recipients and differentiated into oocytes (Fig. 5, C and F) . The colonyformation efficiency of SP cells was significantly higher than that of non-SP cells or of unsorted A-SG in both sexes (Table  2 ). In addition, no significant difference was observed between the colonization rate of SP cells at 20 dpt and at 100 dpt for all recipients, regardless of sex (P-value . 0.05; chi-square test). These results indicated that SP cells that had colonized recipient gonads were able to proliferate and reinitiate gametogenesis.
FIG. 4. SP cells in recipient gonads after transplantation. GFP-labeled SP cells were incorporated into the recipient gonad at 20 dpt (A and D).
Arrowheads indicate transplanted SP cells with GFP fluorescence. Broken lines indicate recipient gonad. Incorporated SP cells had proliferated in recipient testis by 100 dpt (B and E). SP cells isolated from A-SG proliferated and differentiated into oocytes in a recipient ovary at 100 dpt (C and F). Bright-field images (A-C) and corresponding GFP-fluorescent images (D-F) are shown. Bars ¼ 20 lm (A and D) and 100 lm (B, C, E, and F). G) Number of cells incorporated into the gonads of a recipient embryo at 20 dpt. Each circle indicates the data point associated with an individual recipient; y-axis indicates the number of GFP-labeled cells that were incorporated into the gonads of an individual recipient embryo. The numbers of recipients carrying greater or equal to one donor-derived germ cells are listed in Table 1 . *P-value , 0.05; Significances were calculated using the Fisher exact test. a Data are shown as mean 6 SEM. * P , 0.05; statistical significance was calculated using the chi-square test. Probability of SP was compared with unsorted A-SG or non-SP. a Data are shown as mean 6 SEM. * P , 0.05; statistical significance was calculated using the chi-square test. Probabilities of SP were compared with unsorted A-SG or non-SP, in both sexes.
ENRICHMENT OF FISH SPERMATOGONIAL STEM CELLS
In order to determine whether colonizing SP cells differentiated into functional sperm in recipient gonads, we used mature male recipients to perform progeny tests. We transplanted diploid SP cells from pvasa-GFP hemizygous (Gfp/À) fish that were also heterozygous (OR/WT) for a mutation that causes a dominant OR phenotype [31] into nontransgenic WT triploid (À/À/À; WT/WT/WT) recipients that produce aneuploid sperm. Among the 16 recipient fish, nine fish were male (Fig. 5A) , and each produced milt. To determine whether the sperm carried the pvasa-GFP transgene, we initially performed PCR analysis. Gfp was evident in milt samples from only three of the nine males (33.3%; Fig. 5B ). The average number of haploid sperm derived from donor SP cells was 5.42 3 10 8 (range, 1.04-13.48 3 10 8 ). Each of the three Gfp-positive milt samples was used to inseminate eggs obtained from a nontransgenic WT (À/À; WT/WT) rainbow trout. After the F1 embryos hatched, the ratio of pvasa-GFPpositive to pvasa-GFP-negative and the ratio of OR trout to WT trout were analyzed. Both ratios were nearly 1:1 (Fig. 5,  C-H; Table 3 ). These results indicated that 33.3% (3/9) of the male recipients produced donor-derived sperm that descended from colonizing SP cells. Furthermore, this percentage was not significantly different from the percentage of recipients colonized at 20 dpt (P-value . 0.05; chi-square test) or of male recipients colonized at 100 dpt (P-value . 0.05; chisquare test). In contrast, no male recipients transplanted with non-SP cells (N ¼ 6) or with unsorted A-SG (N ¼ 6) produced donor-derived sperm.
DISCUSSION
We demonstrated that SP cells have higher colonizing activity than non-SP cells or unsorted A-SG and that they can initiate gametogenesis in gonads of recipient fish. In addition, colonizing SP cells were able to produce billions of functional sperm in individual recipient males. Once fish spermatogonia are committed to differentiation, they lose their self-renewal activity and possess only a limited ability to proliferate [33] . In rainbow trout, differentiated spermatogonia are reported to undergo mitosis no more than seven times, followed by two consecutive cycles of meiosis [28] ; thus, one founder spermatogonium can produce up to 512 spermatozoa. In this study, the maximum number of incorporated SP cells per recipient was only 10. To produce billions of sperm, individual incorporated SP cells must have undergone mitosis more than 20 times, which was far more than predicted proliferation rate. Previously, we have also shown that colonizing germ cells produced functional gametes for at least three consecutive spawning seasons [14, 34] . The data indicated that colonizing SP cells subsequently 1) behaved as SSCs in recipient gonads; 2) had a very high, possibly unlimited, capacity for selfrenewal; and 3) could differentiate into spermatozoa. Therefore, we concluded that SSCs possessing high colonizing activity were enriched in the SP fraction. The SP analysis established in this study succeeded in prospectively enriching SSCs prior to using transplantation in fish.
In the transplantation assay, not only SP cells but also a portion of non-SP cells were incorporated into the recipient gonads and formed colonies. These data indicate that SSCs are also contained in non-SP cells. However, the colonization efficiency of SP cells was significantly higher than that of non-SP cells or of unsorted A-SG. Furthermore, the male recipients transplanted with SP cells produced donor-derived sperm; however, those with non-SP cells or with unsorted A-SG did not. Therefore, we concluded that SP cells have a greater percentage of SSCs possessing high colonizing activity than non-SP cells and unsorted A-SG.
Since SP cells are characterized by the ability of the ABC transporter to exclude H33342, it was possible that SP phenotype reflected only their health. Consequently, SP cells may show the higher colonizing activity in the transplantation assay. However, we detected no difference between the health HAYASHI ET AL.
of SP cells and that of non-SP cells in an in vitro cell culture assay, suggesting that SP cells were an intrinsically different cell population from non-SP cells. Although fish SSCs are expected to play pivotal roles in fish reproductive systems, very few studies have been conducted on these cells. The identification and isolation of SSCs are initial steps that are critical to further studies on teleost SSCs. Antibodies against the cell surface antigens specific to SSCs are widely used to enrich for mouse SSCs [18, [35] [36] [37] [38] [39] . However, no such marker is currently available for fish SSCs, and antibodies against mammalian antigens do not cross-react with rainbow trout homologues. Additionally, the vast genetic diversity among teleost species may hamper successful application of an antibody developed for one particular species to a wide variety of species; production of a versatile antibody that recognizes the SSCs of various fish species would be challenging. By contrast, SP analyses based on simple H33342 staining under the appropriate conditions may allow for SSCs to be enriched from total A-SG populations collected from different species. Although A-SG isolated from pvasa-GFP transgenic rainbow trout were used as the starting material in this study, we previously established a method for enrichment of A-SG that did not require transgenes. A-SG have lightscatter properties that distinguish them from other types of testicular cells [40] . Based on these light-scattering characteristics, A-SG can be isolated with a flow cytometer [40] . Combining A-SG purification by flow cytometry and SSC enrichment by SP isolation may become a powerful and applicable approach to enriching SSCs from many fish species, even without transgenesis.
Morphological analysis revealed that the cells that possessed fewer dense bodies and were larger in size were enriched among SP cells. Loir [28] previously reported that A-SG were segregated into two types: A1-SG and A2-SG. A1-SG are larger and have fewer dense bodies visible within nuclei, and A2-SG are smaller and have more dense bodies. Loir speculated that A2-SG were more differentiated than A1-SG, although there was no functional evidence supporting this hypothesis. SP cells, which were enriched with transplantable SSCs relative to non-SP cells, were also enriched for cells that exhibited the characteristics of A1-SG; therefore, our results were consistent with Loir's hypothesis, and some or all A1-SG might behave as SSCs.
Despite previous efforts, whether mouse SSCs can be enriched via isolation of SP cells remains unclear [18] [19] [20] [21] [22] . The staining conditions used differed slightly among these mouse studies. A comparison of these experiments revealed that milder staining conditions: 5 lg/ml H33342 at 328C or 2.5 lg/ ml H33342 at 378C, appeared to correlate with successful enrichment for SSCs in SP cells [19] [20] [21] , whereas more severe conditions: 4 lg/ml H33342 at 358C or at 378C, did not [18, 22] . In each of these mouse experiments, enrichment for SSCs was evaluated by functional assays, such as transplantation. Therefore, we speculated that some of the mouse SP cells were partially damaged with more severe staining conditions and that the damaged cells lost the ability to reinitiate spermatogenesis in recipient testis. Nevertheless, we suspect that each group was enriched with SSCs. Actually, our efforts to optimize the staining conditions revealed that each variable staining temperature, H33342 concentration, and staining time had a large effect on SP cell detection and A-SG viability. Within a narrow range of staining conditions, A-SG could be reproducibly separated into SP and non-SP cells with little effect on viability. Therefore, to identify SP cells, it is essential to determine the appropriate set of staining conditions that allow SP cells to be separated from non-SP cells but that do not affect cell viability.
Based on both successful transplantation and morphological characteristics, A-SG have previously been regarded as a heterogeneous population of cells [14, 28] . However, only indirect evidence for this supposition has been obtained because the techniques used in the previous studies could not separate A-SG into subpopulations. Here, we successfully used the SP phenotype to identify and harvest two distinct subpopulations from an A-SG population; these subpopulations differed from each other transcriptomically, morphologically, and functionally. Further characterization of these subpopulations will improve our understanding of fish SSCs and teleost SSC differentiation. The SSC-enrichment technique established in this study is important to the field of stem cell biology, and it is also a powerful tool for biotechnology. Previously, we established a germ cell transplantation technique that can produce gametes from commercially valuable and/or endangered species via surrogate parents in salmonids [29, 34] . This technology was recently applied to commercially important marine teleosts [41] [42] [43] [44] . Furthermore, successful transplantation of A-SG into testes of adult recipients was also performed with pejerrey, tilapia, and zebrafish [45] [46] [47] . Combining our method for enrichment of SSCs that have higher colonizing activity and the techniques for germ cell transplantation could allow for the efficient production of gametes of valuable and/or endangered species.
